INTRODUCTION
============

Translation termination is mediated by the cooperative action of class 1 and class 2 polypeptide release factors (RFs) in the ribosome \[reviewed in ([@gkt113-B1; @gkt113-B2; @gkt113-B3; @gkt113-B4; @gkt113-B5])\]. When a stop codon occupies the ribosomal A site, class 1 RFs decode the stop codon and induce peptide release from the peptidyl transferase centre. In prokaryotes, two class 1 RFs, RF1 and RF2, decode UAA/UAG and UAA/UGA stop codons, respectively. In contrast, a single RF, eRF1, recognizes all three stop codons in eukaryotes. The eRF1 consists of three well-defined domains ([@gkt113-B6],[@gkt113-B7]): the N-terminal domain is responsible for stop codon decoding ([@gkt113-B8; @gkt113-B9; @gkt113-B10; @gkt113-B11; @gkt113-B12; @gkt113-B13; @gkt113-B14; @gkt113-B15; @gkt113-B16; @gkt113-B17; @gkt113-B18]), the M-(middle) domain is essential for peptidyl-tRNA hydrolysis at the peptidyl transferase centre ([@gkt113-B6],[@gkt113-B19],[@gkt113-B20]), and the C-domain recruits the class 2 RF eRF3 ([@gkt113-B21; @gkt113-B22; @gkt113-B23; @gkt113-B24; @gkt113-B25]). Class 2 RFs (RF3 in prokaryotes and eRF3 in eukaryotes) are translational GTPases. Although RF3 mediates recycling of class 1 RFs from post-termination complexes ([@gkt113-B26; @gkt113-B27; @gkt113-B28]), eRF3 stimulates the activity of eRF1 in the presence of GTP ([@gkt113-B29; @gkt113-B30; @gkt113-B31]).

Crystal structures of prokaryotic translation termination complexes have elucidated the mechanism by which RF1 ([@gkt113-B32; @gkt113-B33; @gkt113-B34]) and RF2 ([@gkt113-B34],[@gkt113-B35]) mediates stop codon recognition. Although crystal structures of ribosomes from lower eukaryotes have been solved ([@gkt113-B36; @gkt113-B37; @gkt113-B38]), X-ray structures of eukaryotic translation termination complexes have not yet been reported. Rather, stop codon decoding in eukaryotes has been studied by a combination of kinetic, biochemical and genetic approaches. These have provided several hypotheses for the mechanism of stop codon recognition and proposed specific amino acid residues within the N-domain of eRF1 responsible for stop codon decoding ([@gkt113-B6],[@gkt113-B8; @gkt113-B9; @gkt113-B10; @gkt113-B11; @gkt113-B12],[@gkt113-B14; @gkt113-B15; @gkt113-B16; @gkt113-B17; @gkt113-B18],[@gkt113-B25],[@gkt113-B39; @gkt113-B40; @gkt113-B41; @gkt113-B42; @gkt113-B43; @gkt113-B44; @gkt113-B45; @gkt113-B46; @gkt113-B47; @gkt113-B48; @gkt113-B49]).

Cross-linking experiments ([@gkt113-B39],[@gkt113-B40]) and biochemical data ([@gkt113-B12],[@gkt113-B41],[@gkt113-B42]) have implicated the highly conserved TASNIKS motif (positions 58--64 of human eRF1, [Figure 1](#gkt113-F1){ref-type="fig"}) in stop codon recognition. The invariant YxCxxxF motif (positions 125--131, [Figure 1](#gkt113-F1){ref-type="fig"}) has been implicated in discriminating the second and third purines of the stop codon ([@gkt113-B12],[@gkt113-B15],[@gkt113-B18],[@gkt113-B25],[@gkt113-B43]). Residues of the strictly conserved GTS loop (positions 31--33 of human eRF1, [Figure 1](#gkt113-F1){ref-type="fig"}) are either in direct contact with the stop codon or implicated in its decoding ([@gkt113-B25],[@gkt113-B40],[@gkt113-B44; @gkt113-B45; @gkt113-B46]). Mutagenesis based on the crystal structure of yeast eRF1•eRF3 complex with cocrystallized adenosine triphosphate (ATP) (which the authors suggest mimics a stop codon nucleotide) indicates a role for residue T32 in stop codon recognition ([@gkt113-B25]). Cross-linking experiments also show that the GTx motif is proximal to the second and third guanine but more distal to the second and third adenine of stop codons, which may be compatible with alternate N-domain eRF1 conformations towards different stop codon bases within the ribosome ([@gkt113-B45]). Figure 1.Alignment of amino acid sequences of the N-terminal domains of human, yeast and *Euplotes* eRF1s. Residue numbering is that of the human eRF1. Identical, conserved and semiconserved amino acid residues are black, dark grey and light grey, respectively.

The nuclear magnetic resonance solution structures of the N-domain of both the human wild-type (wt) eRF1 and UGA-only unipotent QFM_F mutant (T122Q/S123F/L124M/L126F) give evidence that these point mutations alter conformation of the strictly conserved GTS loop implicated in UGA decoding ([@gkt113-B46]).

An important approach for dissecting the role of the N-domain determinants in stop codon recognition has involved the use of chimeric eRF1s, which contain the regions of the eRF1 N-domains from organisms with standard (human/yeast) and variant (ciliate) genetic codes. Functional analysis of these eRF1 chimeras has identified residues in the N-domain of ciliate eRF1s that prevent the recognition of specific stop codons. For example, an eRF1 chimera consisting of the *Tetrahymena thermophila* N-domain and the MC- domains of *Schizosaccharomyces pombe* exhibited the UGA-only specificity of *T. thermophila* eRF1, confirming the importance of the KATNIKD motif ([@gkt113-B18],[@gkt113-B42]). In contrast, an eRF1 hybrid consisting of the *T.thermophila* N-domain fused to the MC- domains of *Saccharomyces cerevisiae* efficiently terminated at all three stop codons, when expressed in yeast cells, indicating that the eRF1 N-domain is not sufficient to determine UGA-only specificity in this species ([@gkt113-B47]). The motifs sufficient for the UGA-only specificity of *Paramecium tetraurelia* and *Stylonychia mytilus* eRF1s were identified (SIKD/DPQ and QFM, respectively) by creating chimeric constructs (ciliate/human) in combination with site-directed mutagenesis ([@gkt113-B17]). A similar approach identified a single A70 amino acid residue that determined the UAR-only specificity of *Euplotes* eRF1 ([@gkt113-B48]).

To compare the relative importance of the TASNIKS and YxCxxxF motifs in stop codon decoding, these motifs from six variant code organisms---*Euplotes* and *Blepharisma* (UAR-only specificity) and *Paramecium*, *Tetrahymena*, *Oxytrichia* and *Loxodes* (UGA-only specificity)---were introduced into eRF1 of *S. cerevisiae* either separately or together ([@gkt113-B18]). It was shown that differences between the YxCxxxF motifs of investigated species correlate with stop codon specificity typical for variant code organism.

As summarized earlier in the text, a variety of different approaches have together implicated a several eRF1 N-domain motifs in stop codon recognition. Although there is often coherence between independent studies, there is also disagreement and contradiction. This could be due to the use of diverse systems for assaying of eRF1 RF activity, including the simplified *in vitro* fMet release assay ([@gkt113-B49],[@gkt113-B50]), a fully reconstituted *in vitro* eukaryotic translation system ([@gkt113-B31]) and two *in vivo* assays---the dual gene reporter system in HeLa cells ([@gkt113-B17]) and yeast cells with homologous yeast eRF1 ([@gkt113-B30],[@gkt113-B47]).

In the current work, we have attempted to identify the critical stop codon recognition residues of eRF1 by comprehensively screening mutants of all N-domain invariant and conserved positions using a single physiological assay, the fully reconstituted *in vitro* eukaryotic translation system ([@gkt113-B31]). Using this approach, we have selected 15 amino acid residues within the N-domain of human eRF1 important for stop codon decoding. Furthermore, we have demonstrated the ability of eRF3•GTP to improve the efficiency of mutant eRF1s in stop codon recognition. Based on our observations and molecular modelling of eRF1 at the ribosomal A site, we propose a two-step model for stop codon decoding by eRF1 in the eukaryotic ribosome.

MATERIALS AND METHODS
=====================

Cloning and mutagenesis of human eRF1
-------------------------------------

Plasmids with mutant eRF1 genes were obtained by site-directed mutagenesis using the polymerase chain reaction (PCR)-based 'megaprimer' method as described previously ([@gkt113-B15]). The resulting PCR products were inserted into the *NdeI--Bst98I* sites of the pERF4b plasmid. The sequences of the PCR primers used for the generation of the eRF1 mutants are available in [Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1) ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1)).

Ribosomal subunits and recombinant proteins
-------------------------------------------

The 40S and 60S ribosomal subunits, as well as eukaryotic translation factors eIF2, eIF3, eIF4F, eEF1H and eEF2, were purified from a rabbit reticulocyte lysate as described ([@gkt113-B31]). The eukaryotic translation factors eIF1, eIF1A, eIF4A, eIF4B, eIF5B, eIF5, wt eRF1, mutant eRF1s and eRF3c lacking the N-terminal 138 amino acid residues were produced as recombinant proteins in *Escherichia coli* strain BL21 with subsequent protein purification on Ni-NTA agarose and ion-exchange chromatography ([@gkt113-B19],[@gkt113-B31]).

Messenger RNA transcripts
-------------------------

Messenger RNA (mRNA) was transcribed by T7 RNA polymerase from MVHL-stop plasmids, contained T7 promoter, four CAA repeats, the β-globin 5′-untranslated region (UTR) and Met, Val, His and Leu codons followed by one of the three stop codons (UAA, UAG or UGA),and a 3′-UTR comprising the rest of the natural β-globin coding sequence ([@gkt113-B51]). For run-off transcription, all plasmids were linearized with *XhoI*.

Pretermination complex assembly and purification
------------------------------------------------

Pretermination complexes (preTC) were assembled as described ([@gkt113-B31]). Briefly, 37 pmol of MVHL-stop mRNAs were incubated for 30 min in buffer A (20 mM Tris acetate (pH 7.5), 100 mM KAc, 2.5 mM MgCl~2~, 2 mM dithiothreitol (DTT)) supplemented with 400 U RNase inhibitor (RiboLock, Fermentas), 1 mM ATP, 0.25 mM spermidine, 0.2 mM GTP, 75 μg of total tRNA (acylated with Val, His, Leu and \[^35^S\]Met), 75 pmol 40S and 60S purified ribosomal subunits, 125 pmol eIF2, eIF3, eIF4F, eIF4A, eIF4B, eIF1, eIF1A, eIF5, eIF5B each, 200 pmol eEF1H and 50 pmol eEF2 and then centrifuged in a Beckman SW55 rotor for 95 min at 4°C and 50 000 rpm in a 10--30% (w/w) linear sucrose density gradient prepared in buffer A with 5 mM MgCl~2~. Fractions corresponding to preTC complexes according to optical density and the presence of \[^35^S\]Met were combined, diluted 3-fold with buffer A containing 1.25 mM MgCl~2~ (to a final concentration of 2.5 mM Mg^2+^) and used in peptide release assay and termination efficiency assays or conformational rearrangement analysis.

Peptide release assay
---------------------

The peptide release assay was conducted as described ([@gkt113-B31]) with minor modifications, as follows. Aliquots containing 0.015 pmol of the preTC assembled in the presence of \[^35^S\]Met-tRNA were incubated at 37°C for 15 min with 10 pmol of wt eRF1 or mutant eRF1s. Ribosomes and tRNA were pelleted with ice-cold 5% trichloroacetic acid (TCA) supplemented with 0.75% (w/v) casamino acids and centrifuged at 14 000*g* at 4°C. The amount of released \[^35^S\]-containing peptide was determined by scintillation counting of supernatants using an Intertechnique SL-30 liquid scintillation spectrometer.

Termination efficiency assay
----------------------------

Termination efficiency was determined as described ([@gkt113-B48]). Briefly, 50 µl of aliquots containing 0.0125 pmol of preTC assembled in the presence of \[^35^S\]Met-tRNA were incubated at 37°C with 2.5 pmol of eRF1 for 0--15 min or with 0.125 pmol eRF1 in presence of 0.125 pmol eRF3 and 0.2 mM GTP, 0.2 mM MgCl~2~ for 0--3 min. Ribosomes and tRNA were pelleted with ice-cold 5% TCA supplemented with 0.75% (w/v) casamino acids and centrifuged at 4°C and 14 000*g*. The amount of released \[^35^S\]Met-containing tetrapeptide, which indicated the efficiency of peptidyl-tRNA hydrolysis, was determined by scintillation counting of supernatants. Linear increase of k~obs~ versus eRF1 concentration is shown in [Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1).

eRF3 GTPase activity assay
--------------------------

This method is based on the measurement of \[^32^P\]P~i~ release, using a modified charcoal precipitation method ([@gkt113-B52]). The incubation mixture (12.5 μl) contained 20 mМ Tris--HCl (pH 7.5), 30 mМ NH~4~Cl, 15 mМ MgCl~2~, 0.16 μМ ribosomes, 0.16 μМ human eRF3c and 0.5 μМ \[γ-^32^P\]GTP (10 000 cpm/pmol); the human wt eRF1or its mutants were added to give 0.04, 0.08, 0.12 and 0.16 μМ final concentrations. The reactions were run at 30°C for 20 min and terminated by mixing with 0.5 ml of a 5% (w/v) activated charcoal suspension in 50 mМ NaH~2~PO~4~, cooled on ice. The mixture was vortexed and centrifuged at 16 000*g* for 10 min at 4°C. Aliquots of the supernatants (0.375 ml) were counted on a scintillation counter. Values of eRF3 GTPase activity and corresponding error limits were estimated from three experiments carried out for each eRF1 mutant.

Conformational rearrangement analysis
-------------------------------------

Aliquots containing 0.2 pmol of the preTC were incubated with 10 pmol of wt eRF1 or 80 pmol of its domains for 10 min at 37°C and analysed using a primer extension protocol, as described ([@gkt113-B53],[@gkt113-B54]). Toe-printing analysis was performed with a 5′-FAM labelled primer 5′-FAM-GCATTTGCAGAGGACAGG-3′ complementary to β-globin mRNA nucleotides 197--214. Complementary DNAs were separated by electrophoresis using standard GeneScan® conditions on an ABI Prism® Genetic Analyser 3100 (Applera) with ILS 600 molecular weight marker (Promega).

RelE assay
----------

RelE analysis was performed as described ([@gkt113-B55]). Aliquots containing 0.2 pmol of the preTC were incubated with 10 pmol of wt eRF1 or with 80 pmol of eRF1 domains for 10 min at 37°C, and then RelE (to final concentration of 2 μM) was added for 10 min at 37°C. The RNA was purified by phenol/chloroform extraction and precipitated with ethanol, and then reverse transcription was carried out with the same primer as for toe printing.

Modelling
---------

The cryo-EM structure of the yeast ribosome ([@gkt113-B56]) and crystal structure of the N-domain of eRF1 ([@gkt113-B6]) were used for modelling purposes. The positioning was performed manually based on the overall shape of the eRF1 N-domain and the ribosomal A site using PyMOL. The modelling of the stop codon binding to the N-domain was performed manually in PyMOL. Unnatural conformations were relieved using template-docking protocol of ICM software ([@gkt113-B57]) and short rounds of molecular dynamics simulation performed in AMBER force field ([@gkt113-B58]) as implemented in GROMACS ([@gkt113-B59]). Models are available in [Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1) ([Supplementary Files 1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1) and [2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1)).

RESULTS
=======

Based on the crystal structure of human eRF1 ([@gkt113-B6]) and multiple alignments of eukaryotic class 1 RFs ([Figure 1](#gkt113-F1){ref-type="fig"}), 41 amino acid residues in the N-domain of human eRF1 were selected as potential sites, which might determine stop codon recognition. By making multiple conservative and non-conservative mutations at each residue, we created a library of \>80 mutant eRF1s. The activity of these mutants was then screened using the fully reconstituted eukaryotic translation system ([Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1)), which consisted of purified individual eukaryotic translation factors, 40S and 60S rabbit ribosomal subunits, aminoacylated tRNAs and synthetic mRNA ([@gkt113-B31]). As such, this system approximates the natural situation owing to the presence of all necessary translation components and a lengthy mRNA that contains UTRs. Using this approach, we have confirmed importance for the stop codon recognition of identified before 13 amino acid residues and defined their stop-codon-nucleotide specificity; also, we have identified two new significant for stop codon decoding positions S33 and S36.

Mutations in loop 59--68 reduce termination efficiency at all three stop codons
-------------------------------------------------------------------------------

We first determined the termination efficiency of human eRF1s with mutations in the highly conserved 59--68 loop ([Figure 1](#gkt113-F1){ref-type="fig"}) that contains the NIKS motif (except one variable position at residue 66). Mutations at positions 59, 60 and 64 did not significantly affect RF activity ([Figure 2](#gkt113-F2){ref-type="fig"}A, [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1)), implying that eRF1 function is tolerant to the nature of amino acids at these positions. In contrast, mutations at positions 61, 62, 63, 65, 67 and 68 led to a considerable reduction in termination efficiency at all three stop codons ([Figure 2](#gkt113-F2){ref-type="fig"}A, [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1)). As expected, substitutions by amino acid residues with similar physical--chemical properties (e.g. I62V, K63R) are better tolerated than those with different size or charge (e.g. N61S, N61D, I62A, K63Q, K63A, K63E, R65A, N67D, R68A). The most significant effects on peptide release were observed for I62A, K63Q, N67D and R68A mutants, which showed almost complete loss of termination efficiency at all three stop codons. Figure 2.Termination efficiencies (k~cat~/K~M~ (M^−1^ s^−1^)) of the wt eRF1 and mutant eRF1s at different stop codons. Mutations (**A**) in the loop 59--68, (**B**) at positions 33 and 70, (**C**) at positions 32, 36 and 131, (**D**) at positions 55, 125 and 129 and (**E**) at position 71. The termination efficiency of the human wt eRF1 was considered 100%.

Several lines of evidences implicate the NIKS motif in stop codon recognition ([@gkt113-B10],[@gkt113-B39],[@gkt113-B40]), specifically its close proximity to the first nucleotide (uridine, U1). Therefore, residues at positions 61, 62, 63, 65, 67 and 68 of the human eRF1 N-domain have been selected as likely candidates for decoding of stop codon (U1).

Mutations at positions 33 and 70 decrease peptide release at UGA stop codon
---------------------------------------------------------------------------

Previously, we have found that a S70A mutation prevents UGA recognition by human eRF1 ([@gkt113-B48]). In the current work, we have also tested the ability of S70T mutant with a more conservative mutation to recognize stop codons ([Figure 2](#gkt113-F2){ref-type="fig"}B, [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1)) and confirm reduced RF activity of this mutant at UGA stop codon relative to the other two stop codons. As threonine, like serine, contains an OH group, these data highlight the importance of both the nature and size of amino acid chain at this position in UGA recognition.

In accordance with the X-ray structure of eRF1, the highly conserved serine residue at position 33 is located close to S70 ([@gkt113-B6]). Therefore, to test whether S33 is also involved in decoding the UGA stop signal, the RF activities of S33A and S33T mutants were measured. Interestingly, the results were similar to that observed for S70A and S70T mutants ([Figure 2](#gkt113-F2){ref-type="fig"}B, [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1)). Therefore, we conclude that both S33 and S70 of the human eRF1 N-domain participate in UGA recognition. As the UGA stop codon differs from UAA and UAG codons by the presence of G at the second position, we propose that S33 and S70 recognize the second guanine (G2).

Mutations at positions 32, 36 and 131 reduce RF activity at UAA and UAG stop codons
-----------------------------------------------------------------------------------

Among all the tested eRF1 mutants, positions 32, 36 and 131 significantly influence UAA and UAG decoding ([Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1)). These positions are invariant (T32 and F131) or highly conserved (S36) among eukaryotic eRF1s ([Figure 1](#gkt113-F1){ref-type="fig"}). Although an F131A mutation leads to a significant decrease of peptide release at all three stop codons, this mutant still exhibits moderate RF activity towards UGA ([Figure 2](#gkt113-F2){ref-type="fig"}C). In contrast, the F131Y mutant (which retains the aromatic ring) exhibits similar and substantial RF activity at all three stop codons ([Figure 2](#gkt113-F2){ref-type="fig"}C). This may be consistent with a requirement for an aromatic ring at the position 131 to maintain the optimal conformation of eRF1 for UAA and UAG decoding.

Residue S36 is located close to F131 in the crystal structure of eRF1 ([@gkt113-B6]). Replacing serine with the bulkier isoleucine at this position leads to a complete loss of RF activity at UAA and UAG stop codons, whereas RF activity is partially retained in the presence of UGA ([Figure 2](#gkt113-F2){ref-type="fig"}C). As anticipated, a conservative S36T mutation does not affect UAG and UGA recognition, and RF activity increases in the presence of UAA stop codon (∼20%). It is possible therefore that an interaction between S36 and F131 preserves the proper structure of the N-domain required for UAA and UAG recognition.

Finally, the termination efficiency of T32A mutant is preferentially reduced at UAA and UAG and is not changed at UGA ([Figure 2](#gkt113-F2){ref-type="fig"}C). As anticipated, the RF activity of a T32S mutant with conservative amino acid substitution is largely unaffected at all three stop codons ([Figure 2](#gkt113-F2){ref-type="fig"}C). Thus, the presence of the hydroxyl group at position 32 is crucial for UAA and UAG stop codon decoding by human eRF1. As UAA and UAG stop codons share adenine at the second position (A2), we propose that T32, S36 and F131 are important for decoding of this nucleotide.

Mutations at positions 55, 125 and 129 reduce peptide release at UAG stop codon
-------------------------------------------------------------------------------

Perhaps consistent with E55 being the highly conserved amino acid residue among eRF1s ([Figure 1](#gkt113-F1){ref-type="fig"}), both conservative and non-conservative E55 mutations exhibited a preferential decrease in UAG recognition ([Figure 2](#gkt113-F2){ref-type="fig"}D). Therefore, the glutamate residue at this position is important for UAG decoding.

Interestingly, removal of the aromatic ring at position 125 (Y125A) results in complete loss of termination activity at all three stop codons, whereas a conservative Y125F substitution only causes a modest reduction in termination efficiency at the UAG stop codon ([Figure 2](#gkt113-F2){ref-type="fig"}D). These results are in agreement with the data published earlier ([@gkt113-B15]) and indicate the importance of the aromatic ring at position 125 for termination activity of eRF1.

Among the N129 mutants, the most significant effect was observed for N129P ([Figure 2](#gkt113-F2){ref-type="fig"}D), which resulted in a 10 and 40% termination efficiency increase at UAA and UGA, respectively. In contrast, the termination efficiency of this mutant at UAG was decreased by up to 20%. Two other mutants, N129A and N129D, exhibit moderately reduced RF activity that was similar at all three stop codons ([Figure 2](#gkt113-F2){ref-type="fig"}D). Y125 and N129 are part of the highly conserved YxCxxxF motif of human eRF1 ([Figure 1](#gkt113-F1){ref-type="fig"}).

As the UAG codon is unique with respect to the third guanine (G3), our data suggest that positions 55, 125 and 129 of the human eRF1 N-domain are important for decoding of this nucleotide.

Mutations at position 71 decrease peptide release at UAA and UGA stop codons
----------------------------------------------------------------------------

Mutations of the invariant valine at position 71 in human eRF1 ([Figure 1](#gkt113-F1){ref-type="fig"}) inhibit UAA and UGA stop codon recognition whilst retaining activity towards UAG ([Figure 2](#gkt113-F2){ref-type="fig"}E). Both V71A and V71F mutants, which contain substitutions for the small and bulk residues, respectively, exhibit the reduced termination efficiency at UAA and UGA. Thus, an appropriately sized residue at position 71 is likely required for UAA and UGA decoding, specifically for recognition of the third adenine (A3).

Binding of eRF1 mutants with the ribosome
-----------------------------------------

As binding of eukaryotic RFs (eRF1 and eRF3) to the ribosome results in activation of the eRF3 GTPase ([@gkt113-B52]), GTP hydrolysis in eRF1•eRF3•GTP•ribosome complex is a measure of efficiency of the eRF1-ribosome interaction. Therefore, to determine whether the mutational effects detailed earlier in the text could be caused by changes in the efficiency of eRF1 binding to the ribosome, eRF3 GTPase assays were performed in the presence of several mutant eRF1s ([Table 1](#gkt113-T1){ref-type="table"}). Table 1.Stimulation of eRF3 GTPase activity by mutant eRF1sPositionMutationGTPase, %eRF1 WT100T32S133 ± 2A128 ± 12S33A124 ± 11T121 ± 7S36**I52 ± 8**T125 ± 10E55R163 ± 15Q166 ± 6D157 ± 13A106 ± 1A59S99 ± 2V101 ± 3S60V122 ± 20N61A106 ± 9S102 ± 2D89 ± 4I62V104 ± 4A93 ± 13K63R180 ± 24Q104 ± 8A104 ± 14E104 ± 14S64A141 ± 11R65**A48 ± 2**N67D81 ± 6R68**A35 ± 5**S70A93 ± 7T83 ± 5V71F78 ± 9A106 ± 6Y125A106 ± 6F150 ± 12C127A161 ± 12S132 ± 9D128G159 ± 13R149 ± 6N129A89 ± 3D120 ± 12P134 ± 12F131A96 ± 7Y105 ± 11N129, K130PQ89 ± 2[^1]

Interestingly, most of the examined eRF1 mutants stimulated eRF3 GTPase activity to a similar extent as wt eRF1 or even better ([Table 1](#gkt113-T1){ref-type="table"}). Consequently, the overall structure of these eRF1 mutants and their ability to bind the ribosome are preserved. For S36I, R65A and R68A mutants, the ability to stimulate eRF3 GTPase activity was decreased however. The very low RF activities of mutant eRF1s at these positions and weak stimulation of eRF3 GTPase activity could be due to the disrupted rRNA binding following substitution of the positive charged arginine by uncharged alanine (R65A and R68A) or due to the partial damage of the overall eRF1 structure (S36I).

The effect of eRF3 on stop codon recognition
--------------------------------------------

Next, we assessed the influence of eRF3 on the most meaningful eRF1 mutants by repeating the RF assays in the absence or presence of eRF3-GTP. As shown in [Figure 3](#gkt113-F3){ref-type="fig"}, termination activity is almost completely restored for T32A, K63A, S70A eRF1 mutants and partially restored for N61D and K63E mutants in the presence of eRF3-GTP. In contrast, the remaining eRF1 mutants exhibited similar patterns of stop codon recognition in the absence or presence of eRF3-GTP. Together, these data suggest that in some cases, eRF3 can improve the recognition function of eRF1. Figure 3.Termination efficiencies (k~cat~/K~M~ (M^−1^ s^−1^)) of the wt eRF1 and mutant eRF1s at different stop codons (**A**) in the absence and (**B**) in the presence of eRF3-GTP. The termination efficiency of the human wt eRF1 was considered as 100%.

The toe-print shift occurs at all three stop codons during stop codon recognition by eRF1
-----------------------------------------------------------------------------------------

We have previously observed that binding of eRF1 alone to the preTC induces a major conformational change characterized by a 2 nt forward shift of the toe-print peak attributed to the preTC to a position +15 nt downstream of the first nucleotide of the UAA stop codon, and that addition of eRF3-GTP increases the yield of shifted complex ([@gkt113-B54]). To extend this finding, we assessed the ability of eRF1 to induce the toe-print shift in the presence of the remaining stop codons, UGA and UAG. Interestingly, and consistent with UAA, eRF1 also induces the toe-print shift in preTC at UAG and UGA, but does not change the position of the ribosomal complex at a UGG sense codon ([Figure 4](#gkt113-F4){ref-type="fig"}A). This suggests that conformational rearrangement of the ribosomal complex is a distinctive feature of stop codon recognition by eRF1. Figure 4.Conformational rearrangement of ribosomal complexes during termination of translation**.** (**A**) Toe-prints with the human wt eRF1 at different stop codons and UGG codon, (**B**) Toe-prints and corresponding RelE-prints with the human wt eRF1 or its N-domain at UAA stop codon. The cDNAs corresponding to preTC, termination complex and after RelE hydrolysis of mRNA at the ribosomal A site have the 127, 125 and 138 nt length, respectively. RFU, relative fluorescence unit.

It has been shown that RelE toxin hydrolyses mRNA in the 80S ribosome when the A site is vacant ([@gkt113-B55]). Therefore, we used this strategy to examine the occupancy of the ribosomal A site in the shifted complexes. Following eRF1 binding and ribosomal rearrangement, the RelE peak practically disappeared ([Figure 4](#gkt113-F4){ref-type="fig"}B), indicating that eRF1 occupancy is maintained in the ribosomal A site after toe-print shift. Unfortunately, limitations of the assay prevent us from determining whether the stop codon fully remains in the A site of the ribosome after conformational rearrangement of the preTC or partially translocates to the P site, as in both cases, eRF1 would occupy the ribosomal A site.

To determine which part of eRF1 is involved in induction of the conformational change within the ribosome, the individual domains of human eRF1 were tested in toe-print assay at the UAA stop codon. [Figure 4](#gkt113-F4){ref-type="fig"}B indicates that the N-terminal 145 amino acids (N-domain) are sufficient to induce the toe-print shift, but the yield of shifted complex is lower than that with the full-length eRF1. Addition of the M (146-276 aa), C (276-437 aa) or MC domains to the preTC does not induce the toe-print shift ([Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1)), whereas addition of the N-domain in combination with either the M- or MC-domain causes the same effect as the N-domain alone ([Supplementary Figure S2B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1)). Next, we measured the ability of the N-domain to induce the toe-print shift at UAG and UGA stop codons and a UGG sense codon. As expected, the same strong stop codon selectivity of the toe-print shift was observed for the N-domain, as for the full-length eRF1 ([Supplementary Figure S2C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1)). Furthermore, RelE poorly hydrolysed mRNA following the toe-print shift induced by the N-domain, thereby confirming its occupancy in the ribosomal A site ([Figure 4](#gkt113-F4){ref-type="fig"}B). Taken together with data on a crucial role of the N-domain in stop codon decoding, these results indicate that the observed conformational rearrangement is an integral part of the stop codon decoding function of eRF1.

Modelling of the N-domain positioning at the A site of the ribosome
-------------------------------------------------------------------

To attempt to interpret the mutagenesis results in the 3D context, we have modelled the orientation of the N-domain of eRF1 at the A site of the ribosome. The eRF1 NIKS motif should be located close to the A site stop codon, as it is believed that these residues are directly involved in stop codon recognition ([@gkt113-B39],[@gkt113-B40]). This is consistent with the cryo-EM structure of the complex, which consists of Dom34-Hbs1 no-go mediated decay factors bound to the ribosome, and is structurally similar to eRF1•eRF3 ([@gkt113-B60]). Two options for the N-domain position were selected that are rotated relative to each other by ≈30° ([Figure 5](#gkt113-F5){ref-type="fig"}A and B, [Supplementary Files 1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1) and [2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt113/-/DC1)). In the first case, loop 100--108 of eRF1 is placed between hairpin 560--580 and helix 1265--1280/1432--1442 of the 18S rRNA with α-helix 2 of the N-domain contacting the P site tRNA ([Figure 5](#gkt113-F5){ref-type="fig"}A). In the second case, loop 100--108 of eRF1 lies between helix 1265--1280/1432--1442 and helix 1202--1212/1448--1455 of the 18S rRNA, whereas the P site tRNA is facing α-helices 2 and 3 of eRF1 ([Figure 5](#gkt113-F5){ref-type="fig"}B). The second option for orientation of the N-domain makes loop 100--108 partially clash with the extended C-terminal arm of ribosomal protein S30e. However, the suggested models are only approximate, and the possible backbone flexibility of the eRF1 N-domain has not been taken into account. The precise contacts of the eRF1 N-domain with the ribosome can only be deduced when the crystal structure of a eukaryotic translation termination complex has been solved. Figure 5.Modelled orientation of eRF1 at the A site of the ribosome. (**A** and **B**) The first and second options of eRF1 N-domain (green) orientation at the ribosomal A site. The surface of 18S rRNA is shown in beige, tRNA in the P site is in blue. (**C**) The overall structure of the eRF1 N-domain. The amino acid residues important for the stop codon decoding are shown in spheres; the residues involved in the recognition of U1 are coloured in light blue, those important for the decoding of the second nucleotide are coloured in red, and those important for the third nucleotide recognition are coloured in yellow. (**D**) Comparison of the position of mRNA in the ribosome A site from the cryo-EM structure ([@gkt113-B56]) (purple) and the modelled conformations of the mRNA (UGA and UAA codons are in yellow and orange, respectively) bound to eRF1: the bound mRNA is pulled onto the eRF1 and thus into the ribosome. (**E**) The proposed mode of binding of the UAR first two nucleotides. Stop codon is shown in yellow, eRF1 N-domain is green, black dotted-lines depict the possible contacts between eRF1 and the stop codon, red dotted lines correspond to the inter-eRF1 contacts. (**F**) 90° rotation of (**E**) with the first two nucleotides of UGA codon bound to eRF1, tRNA in the P site is shown in blue.

DISCUSSION
==========

In this study, we have shown importance for stop codon decoding of the 15 amino acid residues within the N-domain of human eRF1 (T32, S33, S36, E55, N61, I62, K63, R65, N67, R68, S70, V71, Y125, N129 and F131). Amino acid residues that appear to be important for the recognition of the second and third nucleotides of the stop codon are situated close to each other in the structure of the eRF1 N-domain ([Figure 5](#gkt113-F5){ref-type="fig"}C). However, the approximate size of purine is ≈7--8 Å, making it difficult to imagine the binding of all three nucleotides simultaneously. For example, residue T32, which is important for decoding of A2 in UAA/UAG codons, is located at a distance of ≈5 Å from V71, which specifically influences the recognition of the third nucleotide of UAA/UGA codons ([@gkt113-B6]). These observations could be reconciled by sequential, as opposed to simultaneous, recognition of the three stop codon nucleotides ([Figure 6](#gkt113-F6){ref-type="fig"}). In this model, the first and second nucleotides of the stop codon would be recognized initially, followed by a conformational rearrangement of eRF1 in the ribosome that permits decoding of the third or second and third nucleotides. If this model is correct, the two proposed options for the orientation of the N-domain in the ribosomal A site could correspond to these two steps of stop codon recognition. In fact, a two-step model of stop codon decoding was first proposed by Chavatte *et al.* ([@gkt113-B13]) based on experimental data. In agreement with our two-step model, human eRF1 cross-links with all three stop codons and the UGG sense codon, whereas *Euplotes* eRF1, which does not recognize the UGA stop codon, does not cross-link with the UGA/UGG codons ([@gkt113-B61]). Cross-linking of wt eRF1 with the UGG sense codon could be explained if we propose that only two nucleotides of the stop codon (UG or UA) are recognized at the first step. When decoding of G2 is impaired, as in the case of *Euplotes* eRF1, UGG does not cross-link with factor. Figure 6.Models for stop codon recognition by eRF1. (**Step 1)** Binding of eRF1 to the A site of the ribosome. Recognition of the first and second nucleotides of stop codon (UA or UG). Second A and G are decoded at different sites of eRF1. (**Step 2)** Rotation of eRF1 within the ribosome and decoding of the second and third nucleotides of stop codon (AG, AA or GA). Two possible modes of stop codon interactions. (**I**) The different amino acid residues of eRF1 directly decode the third A or G, and the ribosome recognizes the second A/G or A according to the third nucleotide. (**II**) eRF1 decodes the second nucleotide (A/G or A), and the ribosome interacts with the third A or G, respectively. The ribosome is shown in beige, eRF1 is in green, the first, second and third nucleotides of stop codon are in blue, red and yellow, respectively.

Recognition of the first stop codon nucleotide (U1)
---------------------------------------------------

The data in [Figure 5](#gkt113-F5){ref-type="fig"} suggest that recognition of the first nucleotide of a stop codon is mainly mediated by an interaction with the side chain of K63, which is a part of the universally conserved NIKS motif ([Figure 1](#gkt113-F1){ref-type="fig"}). This is further supported by finding that K63 cross-links with the S4 atom of a modified stop codon U1 nucleotide ([@gkt113-B39]). The O4 atom of U1 could interact with the amino group of K63, whereas the O2 and N3 atoms could form hydrogen bond with the carboxamide group of N61. The importance of a positive charge at position 63 for U1 recognition is supported by the observation that replacing K63 for the negatively charged glutamate or uncharged glutamine or alanine leads to a significant loss of RF activity ([Figure 2](#gkt113-F2){ref-type="fig"}A), whereas K63R mutation does not. The ability of eRF1 to discriminate against cytosine may be due to inability of the N4 atom of cytosine to form a hydrogen bond with the K63 amino group. Discrimination against purines may be explained by their larger size and inability of even the long side chain of lysine to reach the hydrogen acceptor atoms of purines.

Substitution of N61 by aspartate or serine results in almost complete loss of RF activity ([Figure 2](#gkt113-F2){ref-type="fig"}A), likely owing to inability of these residues to form the same interactions with U1 as asparagine. Other residues in the NIKS motifs also likely play a role in stop codon recognition. I62 is most important for maintaining the proper conformation of the NIKS loop, as its side chain is stacked against V71, A59 and R68 ([Figure 5](#gkt113-F5){ref-type="fig"}E). Consistent with an important structural requirement, substituting isoleucine at this position with a smaller residue (alanine) causes complete elimination of RF activity ([Figure 2](#gkt113-F2){ref-type="fig"}A). Other conserved amino acid residues R65, N67 and R68 from the NIKS loop are likely necessary for the proper positioning of eRF1 at the ribosomal A site, as eRF3 GTPase stimulating activity of these mutants are reduced ([Table 1](#gkt113-T1){ref-type="table"}).

Recognition of the second nucleotide of UGA (G2)
------------------------------------------------

The recognition of G2 in the UGA stop codon is mostly influenced by S33 and S70 mutations ([Figures 1](#gkt113-F1){ref-type="fig"}B), which may be consistent with their close proximity in a groove on the surface of eRF1. Presumably, −OH groups of these residues bind the N2 amino group of G2. This would also allow the nearby backbone oxygens of T32 and G31 to act as hydrogen acceptors and contribute to G2 binding ([Figure 5](#gkt113-F5){ref-type="fig"}F). This could explain the partial retention of termination activity for S33 and S70 mutants at UGA stop codon (42 and 63% activity for S70A and S33A, respectively). The substitution of S33 and S70 by threonine most likely disturbs the local conformation of eRF1, thus decreasing the termination efficiency.

The discrimination against adenine at this position might occur due to the absence of the hydrogen donor group in adenine in position where N2 group of guanine is situated, whereas pyrimidines are discriminated due to their smaller size.

These results are consistent with our earlier report on the role of S70 in UGA recognition ([@gkt113-B48]). Based on nuclear magnetic resonance studies, it has been suggested that formation of a hydrogen bond between the carbonyl oxygen of S33 and the hydroxyl group of S70 in the UGA-only QFM_F mutant of human eRF1 stabilizes the GTS loop in conformation necessary for UGA recognition ([@gkt113-B46]). These data are in agreement with cross-linking studies, indicating that although the GTS loop neighbours guanines of stop signals, it is positioned further from adenines ([@gkt113-B45]).

Recognition of the second nucleotide of UAA/UAG codons (A2)
-----------------------------------------------------------

Recognition of the second A of UAA/UAG codons is specifically affected by mutations of residues T32, S36 and F131 ([Figure 2](#gkt113-F2){ref-type="fig"}C). Although S36I and F131A mutants displayed substantial decreases in UAA and UAG recognition, moderate levels of UGA recognition were maintained. As residues 36 and 131 are buried within the protein core, they likely play a structural role that maintains an appropriate eRF1 conformation ([Figure 5](#gkt113-F5){ref-type="fig"}C). Therefore, we propose that among those residues affecting recognition of the second nucleotide of UAA and UAG, only T32 directly interacts with A2.

QFM_F and DPQ human eRF1 mutants ([Figure 2](#gkt113-F2){ref-type="fig"}C), eRF1s from variant-code organisms ([@gkt113-B17]) and *S. cerevisiae* eRF1 after introduction of the YxCxxxF motifs from variant-code organisms ([@gkt113-B18]) all show reduced termination efficiency at UAR stop codons without affecting activity at UGA. Interestingly, both these groups of aforementioned amino acid residues are either a part of the YxCxxxF motif (positions 125--131 of human eRF1, [Figure 1](#gkt113-F1){ref-type="fig"}) or flank it. This would suggest that the precise protein backbone conformation in this region is important for A2 decoding. Residue D128 may be a key residue in this respect, as its side chain is fixed in a specific conformation by hydrogen bonds with the backbone nitrogen of residue 129 and the side chain of K130 ([Figure 5](#gkt113-F5){ref-type="fig"}E). Proline at position 129 prevents interaction of the backbone nitrogen with other amino acid residues, whereas the K130Q mutation likely causes the reduced binding efficiency towards the carboxylic group of D128. All the mutations observed are likely to change the local orientation of the D128 side chain and the YxCxxxF loop conformation. On the other hand, residues 122, 123, 124 and 126 form a cluster of interacting and interdependent residues with the side chain of L126 in close proximity to that of D128. Substitution of L126 for the more bulky phenylalanine may change both the conformation of D128 and the local backbone conformation.

A2 could bind to the hydroxyl group of T32 and/or the backbone oxygen of C127, thus requiring the precise conformation of the backbone in this region ([Figure 5](#gkt113-F5){ref-type="fig"}C). In this case, A2 and G2 discrimination is probably due to the inability of the backbone oxygen of C127 to form a contact with the O4 atom of the guanine. Alternatively, A2 might be bound and stabilized in the region of T32, by stacking with A2256 of 28S rRNA in such a way that its phosphate group comes close to the negatively charged D128 side chain, for example. Thus, disturbances in the precise conformation of D128 would confer increased repulsive electrostatic interactions and prevent the binding to A2. It is unclear, however, whether a mere change of side chain conformation could cause an electrostatic repulsion strong enough to prevent A2 binding. Consistent with our data and the hypotheses others have reported ([@gkt113-B8],[@gkt113-B25],[@gkt113-B40],[@gkt113-B45]), T32 and D128 play important role in decoding of the second nucleotide of UAA and UAG stop codons.

Recognition of the third stop codon nucleotide
----------------------------------------------

Recognition of the third nucleotide of the UAG stop codon is influenced by the mutations at residues 55 and 125, and partially at residue 129 ([Figure 2](#gkt113-F2){ref-type="fig"}D). In agreement with these results, human and yeast eRF1 E55A mutants (numbering according to human eRF1) also displayed preferential loss of UAG recognition tested in an independent assay system ([@gkt113-B15],[@gkt113-B25]). However, in contrast, an E55A mutant of yeast eRF1 only exhibited efficient termination at the UAA stop codon ([@gkt113-B18]). Moreover, in our experiments, an E55R mutant showed a bipotent phenotype, whereas no effect on RF activity was detected in an *in vitro* fMet release assay ([@gkt113-B15]). The reasons for these discrepancies are not known and might be partially explained by using diverse assay systems.

Residue 125 may play a structural role, as Y125A substitution prevented termination at all three stop codons, whereas Y125F mutation influenced recognition of the UAG codon to a greater extent than the other two stop codons. Among the N129 mutations, only N129P decreased termination efficiency at UAG greater than at the other stop codons, likely owing to conformation changes of the protein. Recognition of the third A in UGA/UAA codons is most influenced by mutations of residue V71 ([Figure 2](#gkt113-F2){ref-type="fig"}E). The importance of residues E55, Y125 and V71 for recognition of the third nucleotide of stop codons has been previously demonstrated ([@gkt113-B15],[@gkt113-B18]). It was also proposed that residues E55 and Y125 are critical for recognition of the third adenine, whereas V71 is crucial for recognition of the second base of stop codons ([@gkt113-B25]). Our two step model of stop codon recognition reconciles these apparently contradictory views.

It is well known that eRF1 is able to terminate efficiently at UAA, UAG and UGA stop codons while avoiding termination at the UGG sense codon. Taking into account the results of our mutagenesis experiments, it is difficult to propose a model where this discrimination is solely due to stop codon-binding mediated by eRF1; it is likely, therefore, that the ribosome itself may be involved in stop codon decoding. Two modes of interaction of the second and third nucleotides of stop codons can be discussed in this regard ([Figure 6](#gkt113-F6){ref-type="fig"}). According to the first mode, G3 decoding occurs through direct interaction with the side chain of E55, whereas A3 is bound in the region of V71 ([Figure 6](#gkt113-F6){ref-type="fig"}, step 2, I). At the same time, the second nucleotide is recognized by the ribosome with the recognition site depending on the binding mode of the third stop codon nucleotide with eRF1: the A2 is allowed to bind in case of the G3, whereas both G2 and A2 (or actually any nucleotide, if pyrimidines are discriminated at the first decoding step) are allowed to bind when the A is located in the third position of stop codon. Alternatively, the second mode of interaction assumes that the recognition of the third nucleotide occurs through binding to the ribosomal RNA ([Figure 6](#gkt113-F6){ref-type="fig"}, step 2, II). In this case, the second stop codon nucleotide is still bound to eRF1 but in a different manner. A2 of the UAG stop codon contacts E55 with its amino group, whereas the G3 is recognized by the ribosome. The second nucleotide of UAA and UGA binds at the region of V71 in a promiscuous way, allowing for both A and G binding with the third nucleotide bound by the ribosome in a way that only allows A binding. The putative regions of the ribosome for binding of the third nucleotide are located at the vicinity of nucleotides 577, 1274 or 1634 of 18S rRNA. Consistent with the second model, the X-ray structure of eRF1•eRF3•ATP complex shows ATP bound to the N-domain of eRF1 via hydrogen bonding to E55 ([@gkt113-B25]). At the same time, this mode of binding can be reasonably simulated by the second option of eRF1 positioning at the ribosomal A site ([Figure 5](#gkt113-F5){ref-type="fig"}B).

On comparison of the modelled conformation of mRNA bound to eRF1 in the first orientation ([Figure 5](#gkt113-F5){ref-type="fig"}A), and the intact mRNA taken from the cryo-EM structure of the ribosome ([@gkt113-B56]), a difference of ≈8--12 Å in the positions of the second stop codon nucleotides was revealed ([Figure 5](#gkt113-F5){ref-type="fig"}C). This difference could explain toe-printing results showing that eRF1 binding to stop codons in the preTC shifts the ribosome forward two nucleotides towards the 3′-end of the mRNA ([Figure 4](#gkt113-F4){ref-type="fig"}). Interestingly, a similar ribosome shift was detected during translation termination by ribosome profiling ([@gkt113-B62]). Thus, the displacement of the ribosomal complex observed in our experiments likely reflects stop codon recognition activity of eRF1 ([Figure 4](#gkt113-F4){ref-type="fig"}).

Here, we have also demonstrated that class 2 RF eRF3 can improve the RF activity some of eRF1 mutants ([Figure 3](#gkt113-F3){ref-type="fig"}). A similar effect was shown for some chimeric eRF1s ([@gkt113-B48]). We propose that eRF3 can 'rescue' those mutations, which do not induce a conformational rearrangement in eRF1 and only influence the ability of eRF1 to interact with the stop codon. Obviously, eRF1 uses a network of amino acid residue for recognition of each stop codon nucleotide; therefore, disturbances in a single residue could theoretically be corrected by increasing termination efficiency of eRF1 by eRF3. Indeed, all the eRF1 mutants whose termination efficiency was improved by eRF3 exhibited damaged hydrogen bonding with the stop codon nucleotides (T32 with А2, К63 with U1 and S70 with G2).
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[^1]: Mutations within the N-domain leading to a decrease in eRF1 stimulating activity towards eRF3 GTPase are marked in bold.
